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ABSTRACT 
Background: Small RNAs play an important role in the regulation of gene expression. Recent genome-
wide profiling studies of small RNAs in Arabidopsis thaliana have revealed the complexity of small RNA 
in plant genomes. Since soybean small RNA populations in Soybean [Glycine max] may regulate 
important processes in this crop plant, we used illumina sequencing-by-synthesis technology to 
sequence approximately 30 million small RNAs from seed coat and cotyledon tissues to identify small 
regulatory RNAs that are differentially expressed between these tissues. 
Results: Glycine max genome locations, genomic features, and small RNA sequence abundance 
information from the seed coat and cotyledon libraries were used to characterize the small RNA 
population and its expression. By analyzing small RNAs as clusters based on their closeness of the 
genomic matching location, we identified 177,314 small RNA generating loci from 20 chromosomes. 89% 
of small RNA generating loci mapped to the annotated repeat regions. More than 1% of small RNA 
generating loci mapped to genomic region where no functional information is available. 3017 small RNA 
generating loci also showed significant expression differences between libraries in our comparison. In 
addition, we identified 6 potential secondary siRNA triggers, 94 potential trans-acting siRNA (ta-siRNA) 
generation loci, at least 5 natural cis-antisense siRNA (cis-nat-siRNAs) generating loci. 
Conclusions: Identification of distinct candidate small RNA populations such as ta-siRNA, cis-nat-siRNAs, 
secondary siRNA triggers, and genomic regions where small RNAs are potentially involved in the 
regulation of gene expression in soybean seed coat and cotyledon gives a better understanding of small 
RNA populations in the Glycine max genome. In particular, the potential new ta-siRNA loci identified 
show that the ta-siRNA system in soybean is significantly more complex than the system previously 
characterized in the model system Arabidopsis. 
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CHAPTER 1 
INTRODUCTION 
 
1.1    Literature review 
Gene regulation is the process in which an organism controls gene expression in different cell 
types, different development stages and different environment conditions. The expression of 
genes can be regulated by different gene regulatory mechanisms, at the transcriptional, post-
transcriptional, and translational and post-translation levels (Sunkar, 2010). The first major step 
of gene regulation requires activating transcription, which involves specific transcription factors 
binding to the cis-elements in the promoter region (Chen and Rajewsky, 2007). Although all 
active protein-coding genes are transcribed into mRNA, post-translational mechanisms regulate 
how actively these are translated into protein. Our understanding of this has been enhanced by 
the recent discovery of RNA mediated gene silencing mechanisms where transcripts are silenced 
by small pieces of RNA referred to as small interfering RNAs (siRNAs) at the post transcriptional 
level (Baulcombe, 2004;Matzke and Matzke, 2004;  Zamore and Haley,2005; Chapman and 
Carrington, 2007; Eamens et al., 2008; Ramachandran and Chen, 2008; Carthew and 
Sontheimer, 2009). Two main studies have contributed to reveal the RNA mediated gene 
silencing mechanism. In one of the early studies, researchers were trying to enhance petunia 
flower color by adding extra copies of a chalcone synthase gene. However the results showed 
that, instead of having an expected enhanced color, most of the flowers showed losses in their 
original pigment. The experiment showed that both the expression of transgenes and 
endogenous chalcone synthase genes were suppressed and the phenomenon was referred to as 
“cosuppression” (Napoli et al. 1990; van der Krol et al., 1990). A similar observation was also 
found in Neurospora crassa called “quelling” (Romano and Macino, 1991). It was not clear 
exactly how the cosuppression and quelling worked until the discovery of ~25-nucleotide RNA in 
the plants that have extra copy of genes added. This finding suggested that small RNAs derived 
from the transgenes silenced the homologous gene, which is the same phenomenon as post 
transcriptional gene silencing (PTGS) (Hamilton & Baulcombe 1999). In another study, double 
stranded RNA (dsRNA) was injected into the C. elegans and the results showed that the 
expression of mRNA was silenced due to sequence-specific mRNA degradation. This process was 
called RNA interference (RNAi) (Matzke et al. 2004; Chen 2009). Both PTGS and RNAi suggested 
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that the central player of RNA mediated silencing is small RNA that is derived from dsRNA. The 
recent discovery of small regulatory RNA and its functional role has added an addition layer of 
complexity in our understanding of gene regulation. 
 
1.2    Classes of small RNAs 
Small regulatory RNAs are 19-30 nucleotides in length, and can be generated from either 
exogenous nucleic acids such as viruses and transgenes or endogenous loci encoded in the 
genome of organisms. Even though these small RNAs are very tiny, they are involved in a wide 
range of biological processes such as developmental timing, cell differentiation, cell 
proliferation, cell death, metabolic control, transposon silencing and antiviral defence (Kim et 
al., 2009). Small RNAs can lead to transcriptional and post transcriptional gene silencing. In 
transcriptional gene silencing, small RNAs guide heterochromatin formation, whereas in post 
transcriptional silencing, small RNAs direct sequence specific cleavage to the target mRNAs 
(Huisinga et al., 2009; Xie et al., 2004).  Small RNAs can be categorized into different classes 
based on their unique biogenesis pathways. The two major classes of small RNAs are microRNAs 
(miRNAs) and small interfering RNAs (siRNAs). miRNAs and siRNAs are both processed from 
double-stranded RNA (dsRNA) however, the origins of the dsRNA are different. miRNAs are 
processed from single stranded RNA which folds back upon itself into hairpin loop structures, 
whereas siRNAs are processed from dsRNAs that are derived from transcription of inverted 
repeat sequences (Mallory and Vaucheret,2006; Chapman and Carrington, 2007). Hundreds of 
miRNAs and siRNAs have already been identified in plant and animals, even so, novel miRNAs 
are continuously being have been often reported to be identified in different species owing to 
novel experiments and advanced computational approaches. Other classes of small RNAs, such 
as trans-acting siRNAs and cis-nat-siRNAs, have also been found to be involved in plant gene 
(Allen et al., 2005; Bonnet et al., 2006; Chen, 2009; Schwach et al., 2009. As increasing numbers 
of novel miRNAs and new classes of small RNAs are identified, it will allow us to better 
understand specific roles of different small RNA classes that are involved in gene regulatory 
networks. 
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1.3    MicroRNAs 
miRNAs are small non-coding RNA molecules,19-25 nucleotides in length and encoded in the 
genomes of plants and animals. Even though the first miRNA (lin-4) was discovered in 1993, it 
was not recognized as a new class of small regulatory RNA until the discovery of second miRNA 
(let-7) in early 2000. The studies showed that both lin-4 and let-7 were key regulatory molecules 
for controlling the developmental timing of the nematode Caenorhabditis elegans (Lee et al., 
1993; Reinhart et al., 2000). Since then, these conserved miRNAs and other miRNAs have been 
detected in several organisms. In 2002, the first plant miRNAs were also reported to be present 
in Arabidopsis and their discovery indicated that miRNAs arose early in eukaryotic evolution 
(Reinhart et al., 2002). 
 
1.3.1    MicroRNAs biogenesis and function 
Since the discovery of miRNAs, many researchers have tried to characterize theirs biogenesis 
and functions. Several processes are involved in the activation of plant miRNAs. First, miRNA 
genes are transcribed by RNA polymerase II to long primary miRNA transcripts (pri-miRNAs), and 
then the pri-miRNAs fold-back into the hairpin-like structure (Bartel, 2004; Kurihara and 
Watanabe, 2004; Lee et al., 2004). Second, the stable fold-back substructures of larger 
transcripts are cleaved by DCL1, producing the pre-miRNAs. The pre-miRNAs are then exported 
to the cytoplasm and followed with a second cleavage of pre-miRNA by DCL1, and a 
miRNA/miRNA* duplex is formed. Depending on the stability of each end of the duplex, one of 
the strands is preferentially incorporated into the RISC (RNA induced silencing complex), 
producing an active miRNA and an inactive miRNA*. miRNA can then down regulate gene 
expression by cleavage or suppression of the translation of mRNAs (Zhang et al., 2005; Chen, 
2009; Schwach et al., 2009).  miRNAs are reported to be involved in regulating development, cell 
proliferation, cell death, cell differentiation and viral infection (Brennecke et al., 2003).  Several 
studies have revealed the regulatory roles of miRNAs in various aspects of plant development, 
including auxin signaling, meristem boundary formation and organ separation, leaf development 
and polarity, seedling development, embryo development, lateral root formation, Floral organ 
identity and reproductive development, petal number and reproduction (Chen, 2005;Mallory 
and Vaucheret, 2006; Jone-Rhoades et al., 2006).  In addition to the regulatory roles known in 
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plant development, miRNAs also play important roles in responses to both biotic and abiotic 
stress. Examples of abiotic stress include oxidative stress, drought stress, and deficiency in 
phosphate, sulfate and copper (Sunkar et al., 2008). 
 
1.4    Small interfering RNAs (siRNAs) 
siRNAs and miRNAs are similar in size but their biogenesis is different. The biogenesis of siRNAs 
depends on several proteins such as RNA dependent RNA polymerases 2 or 6 (RDR2, RDR6), 
Dicer-like 2,3 or 4 (DCL2,DCL3, DCL4) and Argonanutes 1,4 or 7 (AGO1,AGO4,AGO7) (Pontes and 
Pikaard, 2008;Ramachadran and Chen, 2008). siRNAs can be derived from endogenous loci such 
as inverted repeats, direct repeats (5S rRNA and all classes of transposons and retroelements) 
and exogenous sources such as transgenes or viruses (Lu et al., 2006; Kasschau et al., 2007; Xie 
et al.,2004).  Even though siRNAs can be derived from different sources, the siRNA generating 
processes are the same, in which long dsRNAs are cleaved into 21-24 nt sequences by a Dicer-
like protein. These siRNAs are then incorporated into the RISC complex which contains an 
Argonaute family protein, and cleaves the transcripts that are complementary to the siRNA 
sequence (Hamiliton and Baulcombe, 1999; Bernstein et al., 2001; Finnegan and matzke, 2003; 
Baulcombe, 2004; Chapman and Carrington, 2007). One of the main functions of siRNAs is to 
maintain genome integrity by silencing transposable elements. In addition siRNAs also found to 
be involved in DNA methylation, maintenance of chromatin structure, epigenetic control and 
regulation of gene expression through post-transcriptional gene silencing (Chapman and 
Carrington, 2007; Slotkin and Martienssen, 2007; Chen, 2009). 
 
1.5    Trans-acting siRNAs 
Transacting siRNAs are derived from TAS loci but their biogenesis is dependent on miRNAs. The 
biogenesis of ta-siRNAs require the initiation of miRNA-mediated cleavage of the noncoding 
transcripts of TAS loci. miRNA cleaved products are then converted into dsRNA through the 
activities of RDR6. Once dsRNAs are formed, they follow the siRNA biogenesis pathway in which 
dsRNAs are processed by DCL4 to generate phased 21 nt ta-siRNAs from the cleavage site. The 
ta-siRNAs are loaded into the effector complex and target specific transcripts in trans and 
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guiding cleavage, similar function to that of miRNAs (Peragine et al. 2004; Vazquz et al., 2004; 
Yoshikawa et al.,2005; Allen et al., 2005; Xie et al., 2005; Chen et al.,2007). Four TAS gene 
families along with the specific miRNA triggers have been identified and experimentally 
validated in Arabidopsis that produce ta-siRNAs: TAS1 and TAS2 are targeted by miR173, TAS3 
are targeted by miR390, and TAS4 are targeted by miR828 (Yoshikawa et al., 2005; Allen et 
al.,2005; Rajagopalan et al., 2006). Among the transacting generating loci, TAS4 derived ta-
siRNAs are reported to target MYB transcripts, and TAS3 derived ta-siRNAs target Auxin 
Response genes involved in signaling that promotes the vegetative development of Arapbidopsis 
from a juvenile to adult stage (Peragine et al,. 2004;Rajagopalan et al., 2006). 
 
1.6    Other endogenous small RNA classes 
Recently, an additional class of endogenous small RNAs, (natural-antisense (nat)-siRNA) was 
discovered in Arabidopsis that are involved in salt-stress tolerance (Borsani et al., 2005). Nat-
siRNs are derived from a pair of natural antisense transcripts (NATs). When NATs are transcribed 
form the opposite strands of the same genomic locus, the overlapping complementary region of 
the NAT can potentially form dsRNAs which could be further processed into siRNAs and silence 
the transcript (Borsani et al., 2005; Jin et al. 2008). The importance of regulatory activity of cis-
nat-siRNAs remains to be examined as only two functional roles of cis-nat-siRNAs have been 
described to date in Arabidopsis. These are the response to environmental stress and key 
regulatory roles in reproductive function (Borsani et al., 2005; Ron et al., 2010).  
 
1.7    Project objectives 
Soybean is an important crop for providing oil and protein. It is also a major ingredient in 
livestock feed because it contains very high protein levels (Wilcox and Shibles, 2001). Despite its 
agronomic importance, populations of small RNAs in soybean are not well understood. Several 
studies have used high-throughput sequencing and computational analysis to identified soybean 
miRNAs. Through the study of miRNA roles in legume-Rhizobium symbiosis, 55 families of 
miRNAs (of which 35 are novel) were identified in soybean roots (Subramanian et al., 2008). In 
addition, 87 novel miRNAs were also identified from the deep sequencing study of soybean 
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tissues in root, seed, flower and nodules (Joshi et al., 2010). Although, an increasing number of 
soybean miRNAs have been identified, soybean small RNA populations have not been 
extensively profiled, compared to the model plants such as rice, Arabidopsis thaliana (Zeng et 
al., 2010). Several Small RNA profiling studies in Arabidopsis, rice, medicago truncatula, and 
populus have identified many novel and new types of small RNA, indicating the diversity and 
complexity of small RNAs in plants (Lu et al., 2005;Kasschau et al., 2007; Heisel et al., 
2008;Szittya et al., 2008; Johnson et al., 2009; Klevebring et al., 2009). In addition, recent 
advances in soybean seed coat tissues have broadened our understanding of novel naturally 
occurring silencing mechanisms in which endogenous siRNAs are generated in a tissue specific 
manner (Tuteja et al., 2009). To date, almost all studies of small RNAs in soybean have been 
focused on identification and expression analysis of miRNAs (Subramanian et al., 2008; Li et al., 
2010; Joshi et al.,2010; Zeng et al., 2010), and identification of other classes of small RNA 
populations such as ta-siRNAs and cis-natsiRNAs has not been reported in soybean. In order to 
have a deeper understanding of soybean small RNA population and its expression, we used 
illumina sequencing-by-synthesis technology to sequence small RNAs from soybean seed coat 
and cotyledon tissues and performed genome wide profiling and analysis of regulatory small 
RNAs. 
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CHAPTER 2 
METHODS 
 
2.1    Description of small RNA libraries and data filtering 
In order to study small RNA populations in soybean seed coats and cotyledons, we analyzed 
small RNA sequences generated from four tissues (seed coats and cotyledons of Williams[ii], 
seed coats of Williams 55 [i], and seed coats of Richland[I]) as described in Tuteja et al., 2009, 
and an additional two tissues (germinated cotyledons and young whole seed of Williams[ii] 
).Sequence adaptors were identified and trimmed as described in Tuteja et al.2009 for all 6 
libraries. Total number of occurrences for each unique sequence was recorded and represented 
as the abundance of the distinct sequence. The resulting set of distinct sequences with 
associated read counts were referred to as the “unique sequence”. Unique sequences present in 
more than five reads per 3 million total reads for each library were used for further small RNA 
analysis. With filtering of reads with fewer than 5 per 3 million, approximately 50% of reads 
were removed from the analysis. 
 
2.2    Small RNA annotation 
All unique sequences from 6 libraries that passed above filters were combined and aligned to 
the Rfam (http://rfam.janelia.org/),Genomic tRNA Database (http://gtrnadb.ucsc.edu/Gmax/ 
glyMa0-tRNAs.fa.), the TIGR  Glycine Repeat Database  (http://plantrepeats.plantbiology.msu. 
edu/downloads.html), the repeat sequence of Glycine max  (ftp://ftp.jgipsf.org/pub/JGI_data/ 
phytozome/v6.0/Gmax/assembly/sequence/Gmax.repeat.scaffolds.fasta.gz),the cDNA of 
Glycine max (ftp://ftp.jgi-psf.org/pub/JGIdata/phytozome/v6.0/Gmax/annotation/Gmax109cds. 
.fa.gz), miRbase (ftp://mirbase.org/pub/mirbase/CURRENT/mature.fa.gz) with Novoalign 
(version 2.05.04, http://www.novocraft.com/) allowed no mismatched. Sequences that mapped 
into the Glycine max genome were classified into one of the following classes, listed in the 
priority used: rRNA, tRNA, genomic repeat, miRNA and cDNA. Sequences that aligned to the 
Rfam that are not rRNA,tRNA and miRNA were  annotated as “other”. Sequences that mapped 
to the genome but did not align to any data set described above were annotated as “mapped-
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unknown” and sequences that did not map to the genome were also annotated as 
“notmapped”. 
 
2.3    Small RNA data analysis 
Unique sequences from 6 libraries were combined and aligned with the Glycine max genome 
(downloaded from http://www.phytozome.net) using Novoalign (version 2.05.04, 
http://www.novocraft.com/) allowing no mismatch. Genomic positions of each sequence were 
used to build clusters of sequences for comparing sequence generating regions between 
different tissues. Small RNA sequences were grouped together as a cluster if the locus of the 
sequence was less than 500 nt from another small RNA sequence. For each tissue, the reads 
from individual clusters were added together and represented as the total number of reads 
generated from each cluster. In this way, each cluster represented the total number of small 
RNAs generated from that locus. In order to make a comparison between libraries, the cluster 
reads were normalized to reads per million (rpm) against the total number of reads that mapped 
to the Glycine max genome. 
 
2.4    Cluster annotation 
The coordinate of Genomic features (mRNA and repeat) from (ftp://ftp.jgi-
psf.org/pub/JGI_data/phytozome/v4.1/Gmax/gbrowse/soybean.gff.gz), PFAM from biomart 
(http://www.phytozome.net/biomart), high Confidence gene (ftp://ftp.jgi-
psf.org/pub/JGI_data/phytozome/v5.0/Gmax/annotation/Glyma1_highConfidence.gff3.gz),  was 
used to annotate the small RNA clusters by finding the overlapping regions between annotated 
regions and small RNA generating loci by using an in house PERL script. The coordinate of miRNA 
sequences from Glycine max was obtained by aligning the miRNA sequence from miRbase to the 
Glycine max genome (downloaded from http://www.phytozome.net) aligned with perfect 
match only by using Novoalign. The coordinates of miRNAs were also used to find overlapping 
region with the small RNA cluster, which were then annotated as miRNA. 
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2.5    Differential expression detection 
Several statistical methods such as Fisher’s exact test, Audi &Claverie’s test, the Z test 
(difference in proportions methods) and Chi-square test are available for pairwise comparison of 
count data ( Audic and Claverie, 1997). Man et al. 2000 has shown that Chi-square test has the 
greatest power and robustness. The Chi-square statistic with one degree of freedom is 
equivalent to the Z statistics (Man et al., 2000). Therefore, we chose the Z statistic to perform 
pairwise comparisons of small RNA clusters across 6 different libraries. The Z statistic was 
chosen because it is easy to implement and it has the same power and robustness as Chi-square 
test. From the Z statistic, the P-value after Bonferroni correction at <0.000001 and fold change > 
2 was used to identify sequences that were significantly differentially expressed between 
libraries. The p-values were calculated with the following equation: 
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The Z test as a metric for differential small RNA expression 
For two libraries, 
  = Total number of sequences in library 1 
    = number of small RNA count from a cluster in library 1 
   = Total number of sequence in library 2 
  = number of small RNA count from a cluster in library 2 
   
  
  
 
   
  
  
 
The expected value of the difference between sample proportions 
 (      )                
The standard deviation of the difference between sample proportions 
    √
  (    )
  
 
  (    )
  
 
In order to find the probability that is less than or greater than 0, the random variable (     ) 
can be transformed into a z-score. 
       
|        |
  
 
The critical value of p is calculated by the following equation. 
P = [1 - )1(
2ce  ] /2 
Where c = z/(1.237+0.0249z) 
A multiple testing correction (Bonferroni correction) is then applied, where the critical value of p 
is divided by the number of tests conducted 
 
 
11 
 
2.6    Heatmaps 
Heatmaps were used to visualize the expression pattern of small RNA clusters that are 
significantly differentially expressed in at least one of the pairwise comparisons. Small RNA 
clusters that have annotations showing miRNA, PFAM or genes were chosen to present in the 
heatmap. Heatmaps were generated by using heatmap.2 in the ‘gplots’s package of R program. 
The expression level of each cluster was normalized to each row direction with the default in R. 
 
2.7    Phased siRNA loci detection 
One of the UEA toolkits, ta-siRNA prediction was used to identify 21nt sRNAs phased generating 
loci. The tool used the modified algorithm described in Chen et al. (Chen et al., 2006) to 
calculate the probability of sRNAs in phased occurrence based on the hyper-geometric 
distribution. The unique small RNA from 6 libraries that were 21 nt were used to predict the 
significant small RNA phased loci. Options from the tool such as remove t/rRNA matches were 
selected and the p-value threshold 0.0001 (the default) were used to identify sRNAs phased 
generating loci. 
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CHAPTER 3 
RESULTS  
 
3.1    Small RNA Populations from Glycine max seed coats and cotyledons 
High-throughput sequencing technology allowed us to sample small RNA population with a 
greater depth from soybean seed coats and cotyledons and allow us to identify lower 
abundance of small RNAs. In total, six small RNA libraries were sequenced deeply with illumina 
sequencing technology. Four small RNA libraries were as described in Tuteja et al.,2009: seed 
coats from Richland (I, yellow seed coats), seed coats and cotyledons from Williams (ii, yellow 
seed coats with black hilum), and seed coats from mutant line Williams 55 (i, pigmented seed 
coats).  Two additional libraries: 5 day germinated, etiolated cotyledon and 12-14 days after 
flowering whole seed from Williams were also sequenced. A total of approximately 30 million 
raw reads (29,883,032) were obtained from the six libraries (Table 1). 3 million to 12 million of 
reads are generated from 6 libraries. Germinated cotyledon produced approximately four orders 
of magnitude greater depth than the other four libraries. This is due to an increased yield from 
the illumina flow cells used. 
 
3.2    Size distribution of small RNAs 
The size distribution of adaptor trimmed sequences showed that the majority of unique 
sequences are 24 nt in size followed by the 21 nt and , 22 nt (Figure 1A) which is consistent with 
the result of other small RNA studies (Lu et al., 2005; Johnson et al., 2009; Wang et al., 2008). 
Even though only a few unique sequences are 21 nt in size, they have abundant read counts 
which can be observed in Figure 2B. Small RNAs have different size distributions between 
libraries. The germinated cotyledon library has significant fewer unique sequences that were 24 
nt in size compared with the other 5 libraries. 
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3.3    Distribution of small RNAs for each library that mapped to the Glycine max 
genome 
Any sequence observed more than 5 times per 3 million raw reads for each library was 
considered as a reliably expressed small RNA molecule and used for further analysis. The total 
number of unique sequences (89,149) from 6 libraries were combined, and mapped into the 
Glycine max genome by using Novoalign without a mismatch. The unique sequences mapped to 
multiple loci across the genome ranging from 1 to 1000 loci. 35,284 (40%) of unique sequences 
were uniquely mapped to the Glycine max genome. 13,040 (15%)  unique sequences mapped to 
2-5 loci and 16,739 (19%)  unique sequences mapped to 91-100 loci (Figure2). Overall 84% to 
93%of unique sequences from 6 libraries were aligned to the Glycine max genome (Table 1). The 
total number of reads that mapped to the genome was used to normalize the read counts for 
sequence comparisons. 
 
3.4    Small RNA annotation 
Sequences that passed the filter were annotated using publicly available genome annotations by 
aligning the small RNA sequence to databases without mismatch with the following order: 
rRNAs, tRNAs, other small RNAs, genomic repeats, miRNAs and mRNA. On average, miRNAs 
were the most abundant class of small RNA except in the black seed coat (S55) library and whole 
seed (SJ1) library (Figure 3). Repeats were found to be the most abundant class of small RNA in 
Black seed coat (S55) library and whole seed (SJ1) library (Figure 3). Approximately 4% to 15% of 
reads mapped to rRNA and 1% to 4% of reads mapped to tRNA. 6% to 45% of reads mapped to 
the genome but no information is available for those sequences. Cotyledon (JT1) libraries have 
significant numbers of small RNA reads that mapped to the miRNA sequences. 
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3.5    The most abundant small RNA sequences 
The most abundant small RNA sequences from 6 libraries are presented in Table 2. Sequence (a) 
(perfect match to miR167) is the most abundant sequence in Yellow seed coat from Richland (l) 
and Williams’s libraries. Sequence (b) (perfectly matches to miR3522) is the most abundant 
sequence in Cotyledon and mature Cotyledon of Williams (ii).  Sequence(c) that does not have a 
perfect match to any miRNA in miRbase, but is the most abundant sequence in black seed coat 
and Whole seed of Williams (ii). Sequence (c) was uniquely mapped to the chromosome2 of 
Glycine max and no feature was shown in the genomic region in the phytozome’ Gbrowse of the 
Glycine max genome. Sixty nucleotides of flanking genomic sequences of sequences (c) were 
extracted and RNAfoldWebSever (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) was used to 
predict RNA secondary structure with default parameters. The predicted hairpin-like structure of 
sequence (c) is presented in figure 4, and it has a well-formed fold-back structure, so it can be 
considered as a potential novel miRNA. 
 
3.6    Potential triggers of secondary siRNA production 
A recent study by Chen et al. has showed that there is a size bias of miRNAs and transacting 
siRNA in triggering secondary siRNAs. It has been experimentally shown that only the 22 nt form 
of miR173 and miR828 produce secondary siRNA but not the 21 nt forms (Chen et al., 2010). On 
changing the size of miR319 from 21 nt to 22 nt, siRNAs were detected from the Northern blot 
analysis (Chen et al., 2010).  From the deep sequencing data generated in this study, 
approximately 7% to 14% of unique sequences and 11% to 28% of the total reads are 22 nt in 
size. Several 22nt small RNAs which mapped to the known miRNA sequences are also in the 
most abundant form.  Among the unique small RNA sequences that mapped to the 51 known 
Glycine max miRNA sequences, only four Glycine max miRNAs: miR428, miR1507, miR1509 and 
miR1515 have predominant forms that are 22 nt in size. The most abundant forms of miR393, 
miR828 and miR2118 are also 22 nt. However these miRNAs have not been identified in Glycine 
max. miR393 and miR828 have been identified as secondary siRNA triggers in Arabidopsis and 
miR2118 has also been identified as a secondary siRNA trigger in rice. Since we observed the 
predominant form of these 7 miRNAs is 22 nt in the small libraries, we hypothesized that these 
miRNAs are likely to be potential secondary siRNA triggers. Of these 7 potential secondary siRNA 
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triggers, 22 nt miRNAs, miR1507 has the highest expression (figure 5). miR828 is only present in 
seed coat related libraries but does not present in the cotyledon libraries. One of the 
characteristics that we observed in these seven potential triggers of secondary siRNA in Glycine 
max is that they all have U in the 5’ most position, which is a common feature of miRNA 
associated with their loading to AGO1 (figure 6). 
 
3.7    Differential expression analysis of small RNA through clustering method 
With the help of high-throughput sequencing technology, millions of reads were generated from 
seed coat and cotyledon libraries. By doing pairwise comparisons of unique small RNA 
sequences, several unique small RNAs were shown to be differentially expressed in different 
tissues. For example, the most abundant small RNA sequence, which is 21 nt long (a perfectly 
match to miR-167) in Yellow seed coat from Richland(l) and William’s, has at least 8 fold more 
abundant reads in the seed coat than the cotyledon libraries. Different lengths but the same 
nucleotides of small RNA sequences called isoMIRs of this small RNA were also present in the 
libraries (Morin et al.,2008). Most of the time, sequences that the same nucleotide sequence 
but different length had the same differential expression pattern between libraries. However, 
when the sequence abundance was low, the differential expression pattern was often different 
between libraries. In order to overcome this discrepancy, we compared the expression of small 
RNA generating loci or clusters instead of unique small RNA sequences. Small RNA mapped to 
the same region or mapped closely to each other were compared as a cluster across the 
libraries. 
 
3.8    Distribution of cluster size 
By grouping small RNA sequences loci that was less than 500 nt apart from each other as a 
cluster, 177,314 clusters were generated from 20 chromosomes. On average 8,865 clusters were 
generated from 20 chromosomes, while the largest number of clusters (12,606) was generated 
from Chromosome 18. The cluster’s sizes are different depending on the small RNA generating 
loci. The known Glycine max miRNA hairpin from miRbase has the size range from 54 nt to 397 
nt. Small RNA generated from miRNA hairpin are expected to have smaller cluster sizes. Overall, 
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the cluster’s size range from 24 nt to 300,000 nt. 37% (68487) of the clusters are in the cluster 
size range from 25 to 400 nt long, 23% (42677) of the clusters range from 400 nt to 1000 nt long 
and 12% (23048) of the clusters are from 1000nt  to 2000 nt long (Figure 7). In general, the size 
of cluster can be used to differentiate novel miRNAs from siRNAs. 
 
3.9    Distribution of cluster density 
With the clustering method, we are able to group from two to thousands of unique small RNA 
sequences into to a cluster and use the total reads from the unique sequences to compare the 
sequence generating regions between libraries. The number of distinct sequences allows the 
clustering method to be a more efficient method to perform the small RNA analysis. Out of the 
total number of clusters, 58,542 (29%) clusters have 2 to 5 distinct sequences, 49,305 (24%) 
clusters have 6 to 20 distinct sequences, 33,752 (16%) clusters have 21 to 100 distinct sequences 
(Table 5).  However, there are 47,537 (24%) clusters that have only one distinct small RNA 
sequence in the cluster. The distinct sequences from these clusters have very low abundance 
reads. 
 
3.10    Cluster annotation 
Small RNA clusters were annotated as repeats, miRNA and genic according to the overlap region 
between small RNA cluster loci and the annotated loci from the Soybean genome. 176,275 
(88%) of small RNA clusters overlapped with the annotated repeat loci such as transposons and 
retrotransposons. 3828 (1%) of small RNA clusters overlapped to annotated gene loci. 6718 (3%) 
of small RNA generating loci overlap with both annotated repeated loci and gene loci (Figure 8). 
295 small RNA clusters overlapped with miRNAs. A correlation between the number of 
annotated repeat loci on each chromosome and the number of small RNA clusters generated 
from each chromosome was performed and r =0.929516, 92% correlation was observed from 
the comparisons (Figure 9). 
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3.11    Identification of differential expression of small RNA clusters 
Pairwise comparison by differential expression analysis was performed by comparing all small 
RNA cluster between libraries. The difference in proportions test (Z test) was used to identify 
significantly differentially expressed clusters between libraries. Small RNA clusters were 
considered significantly differentially expressed if the P-value (after Bonferroni correction) is less 
than     . For each pairwise comparison, the total numbers of significantly differentially 
expressed small RNA clusters with fold change greater than 10 are presented in Table 6. Base on 
their available annotations, the significantly differentially expressed clusters were categorized 
into 5 categories: miRNAs, PFAMs, Genes, transposable element and unknown. Even with the 
stringent cut off, there are 3 small RNA clusters annotated as miRNA that are significantly 
differentially expressed in the same yellow seed coat tissue of different line (s3 vs s4). This 
indicated that this miRNA has different expression in the same tissue between these lines. Table 
6 was sorted by total numbers of small RNA clusters that were significantly differentially 
expressed between libraries from smallest to largest. From the sorted table, we can see that 
when we compared to the same or similar tissues libraries (for example yellow seed coat of 
Williams vs yellow seed coat of Richland, yellow seed coat of Williams vs Williams 12-14 days 
after flowering whole seed coat), fewer clusters were seen that were significantly differentially 
expressed between libraries. Different tissue library comparisons (for example yellow seed coat 
vs immature cotyledon) had the largest number of clusters that were significantly differentially 
expressed. 
 
3.12    The expression pattern of small RNA clusters in seed coat and cotyledon 
Overall 3017 clusters were significantly differentially expressed in at least one of the pairwise 
library comparisons. The expression value of 52 small RNA clusters representing 13 miRNAs, 22 
Pfams and 17 genes were selected and presented in the heatmap shown in Figure 10. The small 
RNAs clusters can be classified into 6 patterns based on their high and low expression values. 
The expression profile shown in Figure 10 demonstrates the tissue specificity of some small 
RNAs. In pattern 1, small RNAs were strongly expressed in seed coat related libraries and these 
small RNAs mapped to the annotated genomic loci such as miR482, miR394 and functional loci 
such as auxin response factor, AMP-binding enzyme and Myb-like DNA-binding domain (Figure 
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10a). In pattern 2, small RNAs are strongly expressed in cotyledon related libraries and these 
small RNAs are mapped to annotated genomic loci such as miR3522a, miR156c and miR529 
along with Glyma15g14670.1 and Glyma09g03730.1 (Figure 10b). In pattern3, small RNAs are 
only strongly expressed in yellow seed coat tissues, and these small RNAs are mapped to the 
annotated genomic loci such as miR167, chalcone synthases and Glyma12g10450.1 (Figure 10c). 
Small RNAs generated from the chalcone synthases genes are endogenous tissue-specific short 
interfering RNAs which have been reported previously in Tuteja et al. (Tuteja et al., 2009). 
miR167 plays an important roles in both root development and reproductive processes through 
regulating the expression pattern of its targets,ARF6 and ARF8 (Wu et al., 2006). However, little 
is known about the functional roles of miR167 in the seed coat. Pattern 4 shows libraries 
specificity where small RNA expressions is very strong in germinated cotyledons and has low 
expression values in the other libraries (Figure 10d). The small RNAs from pattern 4 are mapped 
to the annotated genomic loci such as miR1508, miR169 along with other functional loci such as 
a Leucine Rich Repeat gene. Pattern 5 has 12 small RNA clusters that have strong expression in 
the black seed coat S55 library and some of these small RNAs are mapped to the annotated 
genomic loci such as miR1501a, miR166, and the Myb like DNA binding domain (Figure 10e). The 
remaining small clusters are classified into pattern6 and one of the small RNA clusters mapped 
to the annotated genomic loci of two genes (Figure 10f). 
 
3.13    Prediction of phased siRNAs in Glycine max 
Since the discovery of ta-siRNAs, several labs have developed models and algorithms to predict 
phased siRNAs from large small RNA data sets generated from high through-put sequencing. By 
using one of the UEA plant sRNA toolkit programs, the ta-siRNA prediction tool, 94 loci were 
predicted to be phasing siRNA generated loci. The number of unique sRNAs “in phase” ranged 
from 3 to 20 phases from the predicted siRNA generating loci shown in Figure 11.The 29 
genomic loci which generate 6 or more phased sequences are presented in Table 5 .Some of the 
phased siRNA generating loci have been annotated as functional genes, including Auxin 
Response Factor, TIR domain, PPR repeat, Leucine Rich Repeat and No Apical Meristem by the 
Glycine max genome project. Among the predicted phased siRNA generating loci, 
Gm04:45907772.45908023, annotated as “TIR domain”, generated the largest number of 
phased sequences. A conserved region similar to the Arabidopsis AtTAS3 siRNAs was found to 
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map to the Glycine max locus Gm09: 2714314.2714234 and also predicted to be one of the 
phased siRNA generating loci. The Glycine max genome browser was used to examine some of 
the predicted siRNA generating loci, and it was found that the expression of small RNAs are not 
uniform across the region (Figure 12, 13). 
 
3.14    Prediction of cis natural antisense siRNA 
Natural antisense siRNAs (nat-siRNAs) have been shown to play important roles in post-
transcriptional regulation through the RNA interference pathway. By taking advantage of high-
throughput deep sequencing and clustering analysis, we hypothesized that small RNA clusters 
mapped to two different genes in the same loci are likely to be derived from cis-nat-siRNA 
generating region. We found that out of 10,546 small RNA clusters that mapped to the 
annotated gene loci, 109 small RNA clusters overlapped with two different transcripts (Figure 
14). With visual inspection of those small RNA clusters in phytozome GBrowse, we found that 
only a few of the small RNAs are generated from the overlapping region of two transcripts, and 
in those cases the transcripts are in opposite directions. Figure 16 shown the potential cis-nat-
siRNA generating loci in Gm14:4294000..4297000, where small RNAs are only generated from 
the overlapping region of the two transcripts (Figure 16). Little is known about the functional 
role of this locus, but small RNAs are significantly differentially expressed in cotyledon (JT1) 
tissue. Overall, more than 5 potential cis-nat-siRNA generating loci were identified from the data 
set. 
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CHAPTER 4 
DISCUSSION AND CONCLUSIONS 
 
4.1    Discussion 
In this study, we analyzed the small RNA populations from the seed coat and cotyledons and 
revealed the complexity and diversity of small RNA populations. With the availability of the 
Glycine max genomic sequence, we are able to identify small RNA generating loci and 
characterize different classes of small RNA. By mapping small RNAs into publicly available 
Glycine max genome annotations, we observe the distribution of sequence counts for the 
different classes of small RNAs for each library. In particular, cotyledon (JT1) library has 55% of 
small RNA reads that mapped to the miRNA sequences whereas other libraries have only 14% to 
30% of small RNA reads that mapped to the miRNA sequences. Further analysis of small RNAs 
that mapped to the miRNA sequences showed that large proportions of small RNAs mapped to 
miRNA sequences is due to the most abundant sequence (perfectly matches to miR3522) in 
cotyledon library. Sequence that perfectly matches miR3522 have 336,419 raw reads in 
cotyledon (JT1) library and it represents 22% of the total reads (1,549,284) that mapped to the 
Glycine max genome. miR3522 has only been identified in Glycine soja and no conserved miRNA 
was reported in other plant species in miRbase (Chen et al., 2009). The fact that sequence which 
perfectly matches to miR3522 are highly expressed in cotyledon tissue suggest miR3522 play 
important regulation roles in cotyledon tissue. 
 
We used clustering methods to identify small RNA generating loci that are differentially 
expressed between libraries. By grouping small RNA sequences that were close to each other as 
a cluster, we can analyze the overlapping unique sequences as a single statistical value. This 
method reduced the ambiguity of small RNA sequences that have the same number of 
nucleotides but have different lengths.The number of distinct sequences in a cluster and the size 
of cluster can also help to differentiate novel miRNAs from siRNAs. The clusters that miRNAs 
generated from have fewer numbers of distinct small RNA sequences and the cluster size are 
smaller as miRNAs are derived from MIR gene. The clusters that siRNAs generated from have 
many distinct small RNA sequences and the cluster size are larger. By annotating sequences 
clusters with the available genome annotations, we found that 88% of small RNA clusters are 
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generated from the annotated soybean repeat loci. From the correlation analysis, we also 
observed that when more repeat loci are in the chromosome, more small RNA clusters are 
generated from that chromosome. This implies that majority of small RNA clusters are 
generated from the repeated regions and those small RNAs are most likely siRNAs. Because 
small RNA clusters were formed only based on the distance between small RNA sequences and 
not depend on the annotated regions of the genome, we were also able to identify the genomic 
regions where no features have been reported previously. Many of these loci are potentially 
involved in the regulation of biological development. 
 
Statistical analysis of small RNA clusters from seed coat and cotyledon libraries revealed 3017 
clusters are significantly differentially expressed in at least one of the pairwise comparison. The 
same development stage but different tissue comparison (Yellow seed coat vs immature 
cotyledon) has the largest number of significantly differentially expressed small RNA clusters 
(2160) among the comparison. Majority of the significantly differentially expressed small RNA 
clusters have overlap with the repeat region suggests that small RNA generated from repeat 
region (most likely siRNA) are actively involved in the regulation of seed coat and cotyledon 
tissue. Pairwise comparisons also showed that the expression of small RNA from different 
genotypes in the same tissue is generally more similar than expression levels between different 
tissues. Visual inspection of some of the significantly differentially expressed small RNA clusters 
in heatmap also revealed several small RNA clusters have similar expression pattern. Base on 
this observation, we can further hypothesize that small RNA clusters have similar expression 
pattern might have the same regulation roles in different tissues. The similarity expression 
pattern between mir167 and siRNA generated from chalcone synthase gene is a striking finding 
from the expression profile. 
 
In order to further investigate the diversity of small RNA populations in the soybean genomic 
loci, we used the ta-siRNA prediction tool and identify 94 phasing siRNA generated loci. Among 
the predicted phasing siRNA generated loci, phased siRNs generated from the ARF6 transcript 
are particular interesting. Figure 14.4 shows small RNAs generated from the ARF6 transcript are 
differentially expressed in yellow seed coat and cotyledon tissue. Figure (12, 13, and 14) shows 
some of the predicted phasing siRNA generated loci and along with the potential miRNA that 
guide the cleavage of this siRNA generated loci and the region that miRNA bind to the siRNA 
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generated loci. In general we found miR390 target to TAS3 like region, miR828 target to TAS4 
like region, miR1510 target to TIR domain, miR838 target to NBS-LRR disease resistance protein, 
miR393 target to Leucine rich repeat. We also found some unannotated region also target by 
miR1509 and produce phased siRNA. In addition, we identify more than 5 potential cis-nat-
siRNA generating loci by analyzing the small RNA clusters that mapped to two different 
transcripts. The recent discoveries of cis-nat-siRNA as an additional class of small RNAs revealed 
the unexpected complexity of the regulatory small RNAs, and the cis-nat-siRNAs shown here in 
soybean may open a window to understanding the functions of nat-siRNAs in both crop species. 
 
4.2    Conclusions 
The development of high-throughput sequencing technology has allowed many novel small RNA 
regulatory loci to be identified in the soybean genome; therefore, it has provided a more 
complete view of functional small RNA populations. With the added depth of sequencing 
available, we are now able to identify low abundance small RNA population such as novel 
miRNAs, novel tasiRNA and cis-nat-siRNA in different tissues. In this work, we have identified 
potential secondary siRNA triggers, ta-siRNAs generating regions, cis-nat siRNA generating 
regions and some genomic loci that are differential expressed between two tissues. A lot of the 
small RNA generated loci are first identified in these genome-wide studied so more studies need 
to be done to reveal the functional roles of small RNAs. Taken together, our data indicated that 
deep sequencing of small RNA population allowed us to profile small RNA in the seed coat and 
cotyledon of soybean, and through this we are able to expand our knowledge of the complexity 
of endogenous small RNAs and discover new small RNA-producing loci. 
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TABLES AND FIGURES 
 
 
Table 1. Summary statistics for small RNA libraries in seed coat and cotyledon. 
 
 
Total 
Reads 
Unique 
Signatures that 
passed the 
threshold 
Threshold 
passed unique 
sequences that 
mapped to the 
genome 
percentage 
mapped 
Yellow Seed Coat (s3) 2,875,430 70,092 61,309 87% 
Yellow Seed Coat(s4) 2,879,093 71,197 60,493 85% 
Black Seed Coat(S55) 6,079,943 78,507 69,615 89% 
Whole Seed (SJ1) 3,018,767 70,010 61,558 88% 
Cotyledon(JT1) 3,011,411 66,591 58,727 88% 
Germinated 
Cotyledon(GCOT8) 
12,018,388 78,450 65,869 84% 
Total 29,883,032 
   
  
 
Yellow Seed Coat (s3) =  Yellow Seed Coat from Williams[ii] 
Yellow Seed Coat (s4) =  Yellow Seed Coat from Richland (l)  
Black Seed Coat (S55) =  Pigmented Seed coat from Williams 55 
Whole Seed (SJ1) = young whole seed of Williams[ii] 
Cotyledon (JT1) = Cotyledon from Williams[ii] 
Germinated Cotyledon (GCOT8) = Germinated Cotyledon from williams[ii] 
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A. 
 
B. 
 
Figure 1. Size Distributions of small RNA from seed coats and cotyledons libraries. 
(A) Percentage of the total unique signatures with a given size for each library 
(B) Percentage of the total reads with a given size for each library 
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Figure 2. Distribution of the number of loci unique small RNA sequences mapped 
to the genome. 
 
  
 
Figure 3. Distributions of sequence counts for the different classes of small RNAs.  
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Table 2. The most abundant small RNA read count for 6 libraries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ID sequence
Perfect 
match in 
miRbase
Richland 
(l) Seed 
Coat
Williams 
(ii) Seed 
Coat
Williams 
(i) Seed 
Coat
Williams 
(i) Whole 
seed
Williams 
(ii) 
Cotyledon
Williams 
(ii) M. 
Cotyledon
a TGAAGCTGCCAGCATGATCTT miR167 138,686 157,744 21,894 110,291 3,414 15,982
b TGAGACCAAATGAGCAGCTGA miR3522a 4,741 5,529 10,883 9,073 248,477 81,420
c TAACTGAACATTCTTAGAGCAT no hit 94,332 140,562 108,277 214,784 161 426
a.Maximum count of Yellow Seed Coat from Richland (l) and Williams (ii)
b.Maximum count from Cotyledon and  Mature Cotyledon of Williams (ii) 
c. Maximum count form Black Seed Coat and  Whole Seed of Williams (ii)
read counts were normalized  tags per million mapped sequences
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Figure 4. Novel predicted miRNA. Predicted hairpin-like structures for the most abundance 
sequence(c) in black seed coat and whole seed of Williams.  
 
 
 
Figure 5. Size distribution of potential siRNA triggers in yellow seed coat (s4).  
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miR1507a UCUCAUUCCAUACAUCGUCUGA 
Glycine max miR1509a UUAAUCAAGGAAAUCACGGUCG 
 
miR1515 UUGCCGAUUCCACCCAUUCCUA 
   Rice miR2218 UCAUUUUGCGUGCAAUGAUCUG 
   Vitisvinifera miR828a UCUUGCUCAAAUGAGUAUUCCA 
   Zea mays miR393c UCCAAAGGGAUCGCAUUGAUCU 
 
Figure 6. Alignment of potential siRNA trigger. 
 
 
 
 
 
 
Figure 7. Distribution of cluster size. 
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Figure 8. Distribution of cluster overlapping regions. 
 
 
 
 
 
 
Figure 9. Distribution of small RNA cluster for each chromosome. 
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Table 3. Distribution of cluster density. 
 
 
 
 
Table 4. Number of significant clusters with P-value (bonferroni correction) <     and fold 
change >10. 
 
 
 
 
# of sequences # of blocks % of total blocks
0-1 47,537 24%
2 to 5 58,542 29%
6 to 10 24,195 12%
11 to 20 25,110 12%
21 to 30 11,924 6%
31 to 50 10,862 5%
51 to 100 10,966 5%
101 to 200 8,010 4%
201 to 500 2,530 1%
501 to 1000 964 0%
1001 more 599 0%
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Figure 10. Expression profile of small RNA generating loci: Heatmap was generated by using 
heatmap.2 in the ‘gplots’s package of R program. The expression level of each cluster was 
normalized to each row direction with the default in R.  
Y_S_C.s3  =Yellow Seed Coat (s3) =  Yellow Seed Coat from Williams[ii] 
Y_S_C.s4  =Yellow Seed Coat (s4) =  Yellow Seed Coat from Richland (l)  
B_S_C.S55  =Black Seed Coat (S55) =  Pigmented Seed coat from Williams 55 
W_S. SJ1  = Whole Seed (SJ1) = young whole seed of Williams[ii] 
Im_Cot.JT1  =Cotyledon (JT1) = Cotyledon from Williams[ii] 
G_Cot.Gcot8  =Germinated Cotyledon (GCOT8) = Germinated Cotyledon from williams[ii] 
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Figure 10a. Expression profile of small RNA generating loci for pattern1: small RNAs that are 
strongly expressed in seed coat related libraries. Heatmap was generated by using heatmap.2 in 
the ‘gplots’s package of R program. The value in the heatmap represent the total number of 
small RNAs read generated from individual cluster from each tissue after normalized by total 
number of read that mapped to the Glycine max genome. The expression level of each cluster 
was normalized to each row direction with the default in R.  
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Figure 10b. Expression profile of small RNA generating loci for pattern2: small RNAs that are 
strongly expressed in cotyledon related libraries. The value in the heatmap represent the total 
number of small RNAs read generated from individual cluster from each tissue after normalized 
by total number of read that mapped to the Glycine max genome. The expression level of each 
cluster was normalized to each row direction with the default in R.  
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Figure 10c.  Expression profile of small RNA generating loci for pattern3: small RNAs that are 
only strongly expressed in yellow seed coat tissues. The value in the heatmap represent the 
total number of small RNAs read generated from individual cluster from each tissue after 
normalized by total number of read that mapped to the Glycine max genome. The expression 
level of each cluster was normalized to each row direction with the default in R.  
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Figure 10d. Expression profile of small RNA generating loci for pattern4: small RNA that 
expressed highly in germinated cotyledons and has low expression values in the other libraries. 
The value in the heatmap represent the total number of small RNAs read generated from 
individual cluster from each tissue after normalized by total number of read that mapped to the 
Glycine max genome. The expression level of each cluster was normalized to each row direction 
with the default in R.  
 
 
 
 
36 
 
 
 
Figure 10e.  Expression profile of small RNA generating loci for pattern5: small RNA that 
expressed highly in black seed coat library and had low expression values in the other libraries. 
The value in the heatmap represent the total number of small RNAs read generated from 
individual cluster from each tissue after normalized by total number of read that mapped to the 
Glycine max genome. The expression level of each cluster was normalized to each row direction 
with the default in R.  
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Figure 10f. Expression profile of small RNA generating loci for pattern6: The remaining small 
clusters that are differentially expressed in at least one of the pairwise comparisons. The value 
in the heatmap represent the total number of small RNAs read generated from individual cluster 
from each tissue after normalized by total number of read that mapped to the Glycine max 
genome. The expression level of each cluster was normalized to each row direction with the 
default in R.  
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Figure 11. Distributions of the number of phased sequences from the predicted phased loci. 
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Table 5.  Phasing siRNA generated loci and its annotations: UEA toolkit was used to predict the 
phasing siRNA generated loci. 
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Figure 12. Predicted phased siRNA. A Putative conserved TAS3 locus on 
Gm09:2713753..2714419. Unique small RNAs that mapped to the transcripts are shown in blue. 
Putative miRNA target sites are shown in red. The histogram bar show sequence counts for 
small RNAs in that region for yellow seed coat and cotyledon tissue. B. Sequence alignment 
between miRNA and it’s predicted target genes. 
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Figure 13. Predicted phased siRNA. A Putative conserved TAS4 locus on 
Gm17:11955213..11957277. Unique small RNAs that mapped to the transcripts are shown in 
blue. Putative miRNA target sites are shown in red. The histogram bars show sequence counts 
for small RNAs in that region for yellow seed coat and cotyledon tissue. B. Sequence alignment 
between miRNA and it’s predicted target genes. 
 
 
 
 
 
 
 
 
 
 
>Gm17:11955293..11955580 
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Figure 14a.  Predicted phased siRNA. A Putative non-conserved trans-acting siRNA locus on 
Gm04:45907174..45908215. Unique small RNAs that mapped to the transcripts are shown in 
blue. Putative miRNA target sites are shown in red. The histogram bars show sequence counts 
for small RNAs in that region for yellow seed coat and cotyledon tissue. B. Sequence alignment 
between miRNA and it’s predicted target genes. 
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Figure 14b.  Predicted ta-siRNA generated loci: A Putative non-conserved trans-acting siRNA 
locus on Gm11:3504916..35050236. Unique small RNAs that mapped to the transcripts are 
shown in blue. Putative miRNA target sites are shown in red. The histogram bars show sequence 
counts for small RNAs in that region for yellow seed coat and cotyledon tissue. B. Sequence 
alignment between miRNA and its predicted target genes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
A 
 
 
44 
 
 
 
Figure 14c. Predicted ta-siRNA generated loci: A Putative non-conserved trans-acting siRNA 
locus on Gm16:4827708..4828244. Unique small RNAs that mapped to the transcripts are shown 
in blue. Putative miRNA target sites are shown in red. The histogram bars show sequence counts 
for small RNAs in that region for yellow seed coat and cotyledon tissue. B. Sequence alignment 
between miRNA and it’s predicted target genes. 
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Figure 14d. Predicted ta-siRNA generated loci: A Putative non-conserved trans-acting siRNA 
locus on Gm05:33488964..33491366. Unique small RNAs that mapped to the transcripts are 
shown in blue. Putative miRNA target sites are shown in red. The histogram bars show sequence 
counts for small RNAs in that region for yellow seed coat and cotyledon tissue. 
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Figure 15. Flowchart for the identification of Cis-NatsiRNA generating loci. 
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Figure 16. Predicted cis-nat-siRNA generating loci : A Putative cis-nat-siRNA locus on 
Gm14:4294000.. 4297000. Unique small RNAs that mapped to the transcripts are shown in blue. 
The histogram bars show sequence counts for small RNAs in that region for yellow seed coat 
and cotyledon tissue. 
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Figure 17. Predicted cis-nat-siRNA generating loci: A Putative cis-nat-siRNA locus on 
Gm06:2555000.. 2563000. Unique small RNAs that mapped to the transcripts are shown in blue. 
The histogram bars show sequence counts for small RNAs in that region for yellow seed coat 
and cotyledon tissue. 
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APPENDIX 
R code to draw heat map 
 
 
library(gplots) 
setwd("C:/Users/fuji/Desktop/THE") 
am<- read.table("pfamwithgraphheatmap.txt",header=T) 
 am1 <- am[,2:7] 
am_matrix<-data.matrix(am1) 
heatmap.2(am_matrix,col=rev(heat.colors(5)),scale="row",key=TRUE,symkey=FALSE,trace="non
e",cexRow=0.8,cexCol=0.8,Rowv=NA,Colv=NA,margins = c(5,12),labRow=am[,1]) 
am <-read.table("mRNAblockpatternheatmapinR.txt",header=T) 
am1 <- am[,2:7] 
am_matrix<-data.matrix(am1) 
heatmap.2(am_matrix,col=rev(heat.colors(5)),scale="row",key=TRUE,symkey=FALSE,trace="non
e",cexRow=0.8,cexCol=0.8,Rowv=NA,Colv=NA,margins = c(5,12),labRow=am[,1]) 
 
 
